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I 3.  A SSTRAC  T 

Pastes  of  three  cements  were  examined  by  X-ray  diffraction  at  five  ages  in  seven 
laborauorisE . Six  of  the  laboratories  used  X-ray  diffractometers  and  one  used  a 
focusing  camera  of  the  Guinier  type.  Six  laboratories  examined  hydrated  phases  and 
synthesized  hydrates.  This  is  the  first  cooperative  program  in  X-ray  diffraction  of 
Portland  cement  pastes  and  synthetic  hydrates  of  which  we  have  knowledge.  'Pastes  of 
ail  three  cements  were  mixed  at  water-cement  ratios  of  0.35  and  0.65  and  were  examined 
aft^u’  hydration  had  been  stopped  at  ages  of  1,  7»  28,  90>  and  365  days.  Pastes  of  a 
Typ'  I cement  at  0.35  'water-cement  ratio  contained  ettringite,  tetracalciian  aluminate 
monosulfate-12-hydrate,  calcium  hydroxide,  calcium  silicate  hydrate  gel,  and  residual 
cement  constituents.  Tetracalcixim  aluminate  monosulfate-12-hydrate  was  detected  at 
7 days  and  increased  thereafter  at  the  expense  of  ettringite.  Compositions  of  pastes 
of  this  cement  at  0.65  water-cement  ratio  were  similar  to  those  of  the  pastes  of 
0.  •'f  v/ater-cement  ratio;  the  sequences  of  hydrates  appearing  and  increasing,  and 
c":;i  nt  constituents  diminishing  and  in  some  instances  disappearing,  were  more  conspic- 
uous. 'The  sequence  of  development  and  constituents  present  in  pastes  of  a white 
cement  at  the  two  water-cement  ratios  resembled  the  Type  I pastes.  Pastes  of  a third 
com  nfc  containing  no  tricalcium  alminate  formed  less  ettringite  than  pastes  of  the 
othffr  tv/o  cements;  ettringite  persisted  to  one  year;  tetracalcium  aluminate 
monooul fate- 12 -hydrate,  was  detected  only  in  trace  amounts.  Spacings  present  in  hy- 
iratcl  alitc,  hydrated  P-CpS,  tetracalcium  aluminate  hemicarbonate-12-hydrate,  tetra- 
calcLura  alujiinate  carbonate-ll-hydrate,  tetracalcium  aluminate  monosulfate-12-hydrate, 
unsi/ibl.'  tetracalciimi  aluminato-10. 5-hydrate,  and  ettringite,  are  reported. 
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This  report  includes  the  results  of  a cooperative  program 
on  X-ray  diffraction  studies  of  cement  pastes,  hydrated  phases, 
and  synthetic  hydrates.  Tlie  work  reported  formed  a part  of  a 
cooperative  research  program  sponsored  by  the  Committee  on  Basic 
Research  Pertaining  to  Portland  Cement  and  Concrete  of  the 
Highway  Research  Bo'rd.  Tlie  program  on  evaluation  of  methods  of 
identifying  phases  in  cement  pastes  was  initiated  by  Dr,  George 
Kalousek  while  Dr.  R.  C.  Mielenr  was  chairman  of  the  committee, 
and  Mas  conducted  by  a task  group  headed  by  Dr.  Kalousek  while 
!)r.  L,  Dol.ch  was  chairman  of  the  committee.  Dr.  Dolch  became 
chairman  of  the  task  group  in  1969. 

Under  the  Engineer  Studies  Program  of  the  Office,  Chief  of 
Engineers  (ES  Item  614.2)  the  Concrete  Division  of  the  U,  S, 

Army  Engineer  Waterways  Experiment  Station  took  part  in  the  co- 
operative X-ray  dir  fraction  work.  The  wcrk  was  done  under  the 
supervision  of  Thomas  B.  Kennedy,  Bryant  Mather,  and  R,  V.  Tye,  Jr, 
The  X-ray  diffraction  wa.s  done  by  Wiihur  1.  Luke,  Delbert  E.  Day, 
and  Alan  D.  Buck.  The  other  cooperating  laboratories  provided 
reports  of  their  results  tc  Katharine  Mather  who  prepared  the 
report  as  a section  uf  the  report  on  the  whole  project. 

Directors  of  the  VES  while  this  work  was  going  on  were 
COL  Aiex  C.  Sutton,  CE,  COL  John  R,  Oswalt,  Jr.,  CE,  COL  I.evi  A. 
Brown,  CE,  < .id  COL  Ernev-t  D.  Peixotto,  CE.  Mr.  Joseph.  B. 

Ti  fany,  Jr.,  and  I-lr.  Frederick  R.  Brown  were  Technical  Director;.. 
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Sugpary 


Pastes  of  three  cements  were  examined  by  X-ray  diffraction 
at  five  ages  in  seven  laboratories.  Six  of  the  laboratories 
used  X-ray  diffractometers  and  one  used  a focusing  camera  of 
the  Guinler  type.  Six  laboratories  exajtilned  hydrated  phases 
and  synthesized  hydrates.  This  is  the  first  cooperative  pro- 
gram in  X-ray  diffraction  of  po^tland  cement  pastes  and  synthetic 
hydrates  of  which  we  have  knowle.’ge. 

Pastes  of  all  three  ;ieraents  ’*ere  mixed  at  water-cement  ratios 
of  0.35  and  0.65  and  were  examinee  after  hydration  had  been 
stopped  at  ages  of  1,  7,  28,  90,  and  365  days.  Pastes  of  a 
Tyne  1 cement  at  0.35  water-cement  ratio  contained  ettringite, 
tetracalcium  aluminate  monosulfate-12-hydrate,  calcium  hydroxide, 
calcium  silicate  hydrate  gel,  and  residual  cement  constituents. 
Tetracalcium  aluminate  monosul fate-12-hydrate  was  detected  at 
7 days  and  increased  thereafter  at  the  expense  of  ettringite. 
Compositions  of  pastes  of  this  cement  at  0.65  water -cement  ratio 
were  similar  to  those  of  the  pastes  of  0.35  water-cement  ratio; 
the  sequences  of  hydrates  appearing  and  increasing,  and  cement 
constituents  diminishing  and  in  some  instances  disappearing,  were 
more  conspicuous.  The  sequence  of  development  and  constituents 
present  in  pastes  of  a white  cement  at  the  two  water-cement  ratios 
resembled  the  Type  I pastes.  Pastes  of  a third  cement  contain- 
ing no  tricalcium  aluminate  formed  less  ettringite  than  pastes 
of  the  other  two  cements;  ettringite  persisted  to  one  year; 
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tetracalcium  aluminate  monosulfate-12-hydrate  was  detected 
only  in  trace  amounts. 

Spacings  present  in  hydrated  allte,  hydrated^  "C2S, 
tetracalcium  aluminate  hemicarbor.atc-12-hydrate,  tetra- 
calcium aluminate  carbonate-11 -hydrate,  tetracalcium  alumi- 
nate monosulfate-12-hydrate,  unstable  tetracalcium  aluminate- 
10. 5-hydrate,  and  ettringite,  are  reported. 
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Exaiatnation  of  Cement  P&stes.  Hydrated  Phases > 
and  Synthetic  Products  by  X-Ray  Mffraction 


Incroduction 

One  of  the  techniques  used  to  identify  hydration  prod- 
ucts in  cement  pastes,  hydrated  phases,  and  synthetic 
products  was  X-ray  diffraction.  X-ray  diffraction  has 
been  extensively  and  successfully  used  to  study  materials 
of  these  types  by  Flint,  McMurdie,  and  Wells, Taylor, 

Heller  and  Taylor, Turriziani  and  colleagues, 

KalouseX,  Midgley,^^^  Kantro,  Copeland,  and  Anderson, 
and  many  others. 

The  work  reported  here  is  the  first  cooperative  inves- 
tigation by  X-ray  diffraction  of  pastes  and  synthesized  hy- 
drates of  which  we  are  aware.  All  of  the  participants  performed 
a service  to  the  community  of  cement  and  concrete  research. 
Participants 

The  participating  laboratories  are  listed  below.  They 
are  identified  in  subsequent  tables  by  numbers  that  do  not 
correspond  to  the  listed  order. 

a.  Building  Research  Station,  Garston,  Watford, 

Herts.,  UK. 

b.  Ideal  Cement  Company,  Fort  Collins,  Colo.,  USA. 

c.  Portland  Cenent  Association  Research  and  Develop- 
ment; Laboratories,  Skokie,  111.,  USA. 

d.  Ube  Kosan  Company,  Ltd.,  Central  Research  !.abora- 

tory,  Oliaza  Kogushi,  U>;e-Shi,  Yamaguchi-Ken , Japan. 


e.  Universal  Atlas  Cement  Division,  Butfington, 

Ind.,  USA. 

£.  Engineering  Materials  Laboratory,  University  of 
California,  Berkeley,  Calif.,  USA. 

g.  Waterways  Experiment  Station,  Concrete  Division, 
Vicksburg,  Miss.,  USA. 

Approach 

Participants  were  asked  to  make  their  examinations  and 
report  their  data  as  they  usually  did,  and  if  they  wished  to 
do  so,  to  modify  their  procedures.  As  a consequence  of  these 
instructions,  procedures  differed  widely  from  laboratory  to 
laboratory.  In  some  cases  procedures  were  modified  within  a 
laboratory  in  the  course  of  the  program.  While  the  absence 
of  proscribed  procedures  led  to  differences  in  results,  the 
opportunity  to  compare  results  obtained  by  following  different 
procedures  with  different  instruments  was  most  valuable. 
Sa.mplcs  - cement  pastes 

Tne  Research  uiboratories  of  the  Unive’^sal  Atlas  Cement 
Division  prepared  and  distributed  cement  pastes  (table  1) 
which  were  examined  by  six  rf  the  participants.  Pastes  were 
prepared  at  water-cement  ratios  of  0.35  and  C.65,  vrith  three 
cements:  a type  I cement  of  average  composition,  a white 

cement,  and  a zero  C3A  cement.  The  pastes  were  cured  at  75  F 
for  1,  7,  2.® , 00,  and  365  days.  Twenty-eight  of  the  30  paste 
s.ar.ples  cc  t. lined  to  0.2  percent  C02>  the  other  two  C.4 
to  U.5  percent  CG_2.  Hydration  was  terminated  .it  the  selected 
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*ge  by  crushing  the  paste  to  pass  a No.  20  sieve,  washing 
the  crushed  sample  In  acetone,  and  then  immediately  subjecting 
it  to  suction  filtration.  The  sample  was  then  dried  in 
vacuum  for  24  hr  at  40-50  p;n  Hg. 

The  seventh  participant  later  prepared  pastes  at  the 
same  two  water-cement  ratios,  and  cured  them  for  1,  3,  7, 

14,  28,  and  92  days.  Each  paste  was  examined  as  a wet  lapped 
slice  and  as  a hard-dried  powder.  The  results  obtained  were 
very  similar  to  those  obtained  by  examining  the  pastes  origi- 
nally distributed. 

Samples  - hydrates  and  synthetic  products 

Samples  of  hydrates  of  alite  and  8-C2S,  and  of  synthetic 
products  (table  1)  were  examined  by  most  of  the  participants 
(table  2).  The  preparation  of  the  calcium  aluminate  mono- 
sulfate used  in  this  program  has  been  described. 

Instrumentation 

The  instruments  used  by  the  cooperating  laboratories 
are  identified  in  table  3.  Five  of  the  diffractometers  were  es 
sentially  standard  models,  but  the  sixth  was  equipped  with  a 
fine-focus  X-ray  tube,  curved-crystal  monochromator,  and  a 
Geiger-counter  detector.  The  seventh  laboratory  used  a fo- 
cusing camera  (of  the  Guinier  type)  with  monochr opiatic  copper 
radiation  because  they  had  found  it  more  able  to  detect  weak 
lines,  and  thus  to  detect  small  quantities,  than  their  dif- 
fractometer. Operating  conditions  reported  are  shown  in 
tables  4a  and  4b. 
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Examination  of  pastes 

X-ray  diffraction  was  one  of  the  methods  used  to  Iden- 
tify and  characterize  hydration  products  In  pastes.  The 
specific  Intentions  In  the  X-ray  portion  of  the  program  In- 
cluded determining  the  sequence  of  hydration  products  de- 
veloped In  the  three  cements  and  the  number  and  kinds  of 
products  detected  In  different  laboratories  with  different 
Instrumentation . 

The  available  hydrated  allte  and  belite,  and  synthetic 
products  offered  the  participants  the  opportunity  of  examin- 
ing carefully  prepared  samples  of  substances  that  are  present 
or  may  be  present  in  mixture  in  pastes  and  concretes.  It 
also  presented  an  opportunity  for  comparing  effects  of  con- 
ditions during  storage  and  examination  on  some  of  the  substances. 
Results 

As  previously  stated  no  instructions  on  procedure  were 
included,  with  the  result  that  in  some  of  the  participating 
laboratories  the  samples  were  subjected  to  routine  examination 
while  in  others  procedures  were  adjusted  carefully  to  the 
samples  to  maximize  the  information  obtained.  The  previous 
experience  of  the  operators  in  examining  hydrated  cement 
pastes  ranged  frocri  none  to  several  years  experience;  the 
expertise  of  the  X-ray  operators  also  ranged  widely.  Be- 
cause of  the  variations  in  approach,  experience,  and  expertise, 
the  detail  obtained  and  reported  also  differed  considerably 
from  laboratory  to  laboratory.  All  of  these  variations  should 
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be  borne  in  mind  in  studying  the  tables  of  constituents 
identified  in  the  cement  pastes. 

One  of  the  laboratories  ranked  the  constituents  reported 
as  follows; 

C = Compound  certainly  present  (at  least  three  lines 
detected) . 

P = Conq)ound  probably  present  (at  least  two  strong 
lines  detected;  others  overlapped). 

D = Presence  of  compound  can  be  doubted  (one  or  two 
lines  just  detectable;  others  overlapped). 

U ■ Undetected. 


Two  listed  the  interplanar  spacings  which  each  regarded  as 


diagnostic  of  the  constituent  identified; 


Interplanar  Spacings.  d.  m x 10 
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Laboratory  3 

Laboratory 

Ettringite 

9.8 

9.8 

C4ASHX2 

8.9 

8.9 

CV'-Co.5H12 

8.2 

8.2 

C-A  hydrate 

- 

7.9 

C4ACHH 

7.7 

7.7 

Calcium  hydroxide 

4.90,  2.63 

4.9 

Hydrogarnet 

5.06,  2.54 

2.54 

C-S-H 

3.03,  1.82 

3.04,  2.98 

Alite 

2.97,  1.76 

2.79 

Belite 

2.88* 

2.88 

C3A 

2.69 

2.69 

Aluminoferrite  SS 

7.3,  2.65 

7.3,  2.66 

MgO 

2.10 

2.10 

Calcite 

** 

2.29 

* Line  interfered  with  by  C4ASH12 

**  V.’ith  Cement  No. 

1,  2.10,  2.28;  with 

cement  No.  2,  3 

2.23,  2.10;  with 

cement  No.  3.  3.03, 

2.28,  2.10. 
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Table  5,  Characteristic  Spacings  of  Constituents  of  Portland 
Cement  Pastes,  is  a modified  compilation  to  show  useful  spac- 
ings and  overlaps  and  interferences. 

The  compositions  of  the  pastes  examined  in  the  program  are 
shovm  in  tables  6 through  11  in  terms  of  the  constituents 
reported  by  the  participating  laboratories  as  present  at  each 
age  of  the  pastes.  Partial  X-ray  diffraction  charts  are 
shovm  in  figs,  1 through  6. 

All  of  the  participating  laboratories  reported  the  pres- 
ence of  calcium  hydroxide  in  pastes  of  all  three  cements  at 
both  water -cement  ratios  at  all  ages.  Ettringite  was  reported 
in  pastes  of  all  three  cements  at  both  water-cement  ratios  at 
all  ages  with  one  exception;  none  was  reported  in  pastes  of 
cement  No.  1 of  0.65  water-cement  at  365  days  (figs.  1-3). 
C4ASH^2  reported  ir  pastes  of  all  three  cements  at  0.35 
water-cement  ratio  at  all  ages  vd.th  two  exceptions:  none  was 

reported  in  pastes  of  cement  No.  1 or  No,  3 at  1 day;  only 
two  laboratories  reported  it  in  pastes  of  cement  No.  3. 

Both  indicated  that  it  was  present  in  small  amounts  only. 

In  pastes  of  0.65  water-cement  ratio,  C4ASHj^2  reported 
from  cement  No.  1 at  all  ages,  and  from  cement  Nos.  2 and  3 
at  all  ages  except  1 day.  Again,  only  two  laboratories  re- 
ported it  from  pastes  of  cement  No.  3.  Judging  by  the  number 
of  laboratories  reporting  its  presence  in  pastes  of  cement 
No,  2 vlt'..  T.65  water-cement  ratio  at  ages  greater  than  1 day, 
these  pastes  contained  more  C4A5Hj2  than  any  others  in  the 
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program  (figs.  1-5).  Hydrogamet  was  reported  by  only  two 

laboratories;  one  reported  it  in  pastes  of  cement  No.  1 with 

0.35  water-cement  ratio  at  ages  of  7 through  365  days;  in 

pastes  of  the  same  cement  with  water-cement  ratio  of  0.65  one 

laboratory  reported  it  at  1 day  and  two  at  all  iater  ages. 

Apparently  it  formed  more  abundantly  or  more  recognizably 

in  pastes  with  the  higher  water  cement  ratio  (figs.  1 and  4). 

In  pastes  of  cement  No.  2 with  0.35  water-cement  ratio  it  was 

reported  by  one  laboratory  at  365  days.  In  pastes  of  cement 

No.  3 with  0.65  water-cement  ratio  it  was  reported  by  one 

laboratory  at  ’ and  7 days  and  not  thereafter. 

iCantro,  Copeland,  and  Anderson^^®^  reported  hydrogarnet  in 

pastes  of  cements  of  several  types;  it  has  also  been  reported 

(12) 

from  field  concretes. 

C-S-H  was  reported  in  pastes  of  all  cements  at  both 
water-cement  ratios  by  one  to  five  laboratories. 

Three  other  hydrates  were  reported:  C^AHj., 

and  C3AH5.  Tlie  first  was  reported  at  one  or  more  ages  in 
pastes  with  both  water-cement  ratios  from  cements  No.  1 and 
2;  it  was  not  reported  from  pastes  of  cement  No.  3 except 
in  pastes  of  0.65  water-cement  ratio  at  365  days.  It  appears 
that  when  it  formed  it  formed  more  abundantly  from  pastes  of 
0.65  water-cement  ratio.  It  was  least  abundant  in  paste.s  of 
cement  No.  3 in  which  less  ettringite  developed  than  in  pastes 
of  cements  1 and  2.  C^AH^  characterized  by  a line  at  19  A 
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was  reported  by  two  laboratories  at  one  or  more  agea  in  the 
pastes  of  0.35  water-cement  ratio  of  all  three  cements,  and 
by  one  in  the  pastes  of  0.65  water -cement  ratio  of  cements 
IJo,  2 and  3.  Another  laboratory  reported  it  from  pastes  of 
cement  No,  1 of  0.65  water-conent  ratio  at  two  ages.  One 
laboratory  reported  C^AH^  in  paste  of  cement  No.  1 wirh 
0,35  w/c  at  one  age  as  doubtful. 

Unhydrated  constituents  of  all  cements  were  reported, 
Alite  was  reported  from  all  pastes  at  ail  ages,  but  in  pastes 
of  0.65  water-cement  ratio  the  ntaaber  of  laboratories  report- 
ing it  fell  off  sharply  at  365  days.  Belite  was  also  reported 
from  all  pistes  at  all  ages.  Alutnino ferrite  solid  solution 
was  reported  in  pastes  of  cements  1 and  3 at  both  water-ceme.it 
ratios  at  all  ages.  MgO  was  reported  only  from  Cement  No.  1 
in  pastes  of  both  water  ratios  at  ail  ages.  C^A  was  reported 
in  pastes  of  cement  1 at  0.35  y/c  at  all  ages,  and  through 
28  days  in  pastes  o.f  0.65  w/c.  It  was  reported  through 
28  claya  in  pastes  of  cement  No.  2 at  0.35  water-cement  ratio 
and  through  00  days  in  pastes  at  0.65  water-cement  ratio. 

One  laboratory  reported  calcite  at  one  or  more  ages  in 
pastes  of  all  three  cements  at  0.65  water-cement  ratio. 

One  laboratory  compared  dif .fractometer  traces  made  with 
the  same  operating  conditions  for  each  cement  at  each  water- 
cement  ratio  and  age  to  see  what  effects  of  water  canent  ratio 
could  be  detected.  With  logarithmic  operation  of  the  rate 
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meter  and  full  scale  deflection  equal  to  4000  counts  per  sec, 
beam  slit  1 deg,  3 deg  beam  slit  as  Seller,  and  0.7.  deg  detector 


slit: 


(1)  Background  levels  in  pastes  of  cement  No.  1 
and  No.  2 were  lower  than  in  pastes  of  cement  No.  3. 

(2)  The  heights  of  the  calcium  hydroxide  peaks  at 
18  and  34  deg  two-theta  increased  in  pastes  cured  longer 
than  1 day,  and  were  greater  in  the  pastes  of  higher  water- 
cement  ratio.  The  net  intensity  of  these  peaks  was  less  in 
cement  No.  3 than  in  pastes  of  the  other  two  cements. 

(3)  Age  by  age,  the  pastes  of  0.35  water-cement 
ratio  contained  more  conspicuous  remains  of  the  structure  of 
the  unhydrated  cement. 

(4)  In  pastes  of  cement  No.  1 CH  was  more  abundant 

in  the  pastes  of  0.65  w/c.  Ettringite  was  more  abundant  in 
pastes  at  0.65  water  content  at  1 and  7 days,  less  abundant 
at  28,  *^0,  and  365  days.  more  abundant  at  7,  28, 

90,  and  365  days  in  pastes  of  0.65  water-cement  ratio.  Hydro- 
garnet increased  from  7 days  through  355  days  in  the  pastes 

of  0.65  water-cement  ratio.  If  the  lines  at  5.94,  2.97,  and 
1.76  A are  taken  as  unequivocal  evidence  of  the  presence  of 
ailte,  the  5.94  A line  was  recognizable  in  the  pastes  of 
0.35  w/c  through  28  days  but  was  only  present  at  1 day  in 
those  of  0.65  w/c;  the  line  at  2.97  A is  recognizable  but 
very  very  weak  at  365  day.s,  and  the  line  at  1.76  A through 


365  days  in  the  pastes  of  lower  w/c.  In  t!ie  pastes  of 
0.65  water-cement  ratio  1.76  is  perceptible  through  28  days 
but  2. .97  is  not.  The  2.70  line  of  C-A  is  probably  present 
at  7 days,  not  thereafter,  in  the  pastes  of  0.65  water-cement 
ratio;  in  the  0.35  w/c  pastes  it  is  present  at  28  days  but 
thereafter  only  the  alumina  ferrite  line  at  2.683  can  be  recog- 
nized. At  bcth  water -cement  r*»;ios,  MgO  decreased  noticeably 
from  1 to  7 '^ays  but  did  not  change  perceptibly  thereafcer. 

In  the  pastes  of  both  water-cement  ratios  the  2.88  p.isk  ap- 
peared to  increase  from  7 days  over  what  it  was  at  1 day, 
showing  the  presence  of  C4ASHj^2  rendering  the  peak  only 
dubious  evidence  of  belite.  The  a lumino ferrite  line  at  1''  deg 
two-theta  was  present  (X  all  ages  in  pastes  of  0.35  and  0.65 
water -cement  ratio. 

(5)  In  pastes  of  cement  No.  2 with  both  water- 
cement  ratios  the  apparent  intensities  of  the  calcium  hydroxide 
line  at  A. 92  A increase  with  age.  The  ettringite  lines  are 
more  intense  in  the  pastes  of  0.65  water-cement  ratio  through 
90  days;  C^ASH- ? is  present  at  1 day  in  the  pastes  of  0.65 
water-cement  ratio  and  increases  thereafter  to  90  davs,  dimin- 
ishing apparently  at  365  days.  The  2.88  line  ('imlnishes  from 
1 day  througn  90  days  and  then  increases  at  365  in  the  pastes 
of  0.65  water-cement  ratio.  In  the  paste.*:  of  0.35  water- 
cement  ratio,  the  2.88  line  increases  from  7 days,  showing 
the  increase  in  C;,ASH]i2  but  making  the  spacing  dubious  as 
evidence  of  belite.  The  C^A  line  at  2.70  A persisted  to 
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7 days  in  the  pastes  of  lower  water-ceme*.r  ratio,  and  was 
detectable  at  1 day  in  the  0.65  water -f'ement  ratio  paste. 

In  the  paste,  of  lower  water-^cenent  rttio  the  2.97  A and 
1.76  A lines  of  - lite  persisted  at  3 >:>  days;  in  the  paste 
of  Hghe.-  -ater  content,  the  2.97  line  vis  not  recognized 
at  90  days,  the  1.76  A line  was  detectsi  te  at  90  but  noi.  at 
365  days . 

(6)  Pastes  of  cement  No.  3 at  both  water  contents 
contained  ettrirgite  at  all  ages;  C^ASHj^^  could  be  detected 
in  pastes  cured  more  than  1 day  but  it  was  le.ss  cotispicuous 
than  the  cttringite.  The  belite  line  at  2.88  A was  barely 
perceptible  at  7 days  in  the  paste  of  higher  water  content 
but  persisted  until  28  days  in  the  paste  of  lower  water  con- 
tent. The  alite  lines  at  2.97  and  1.76  A were  detected  at 
365  days  in  the  paste  of  lower  water  content;  the  2.97  A 
line  was  detected  at  28  days  and  the  1.76  A line  was  oarely 
detected  at  90  days  in  the  paste  of  higher  water  content. 

A lumino ferrite  lines  including  the  weak  line  at  b.66  A per- 
sisted at  365  days  in  pastes  of  both  water  contents. 

Table  12  shows  scaled  intensities  of  characteristic 
peaks  of  ettringite,  C4ASHi2»  calcium  hydroxide  of 
pastes  of  all  three  cements  at  0.65  water-c<imcnt  ratio. 
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Two  reports  of  spacitn’S  of  hydrated  nlite  c’lrad  5.3  years  appear  in 
tai)le  13  It  contained  calcium  hydroxide  and  C-S-H  gel  represented 
bror.d  lines  at  3.07  and  1.82  A (fig.  7).  Laboratory  6 re^'orted  a line 
at  d.97  not  resolved  by  laboratory  3 and  identified  it  as  another  C-S-H 
gel  spacing.  Laboratory  3 described  the  spacing  at  3.066  A as  a broad 
asymmetric  hump  fraii  about  26  to  38  two-theta,  rising  steeply  from  28 
to  d'1.3  and  then  sloping  t'enclv  to  background  at  38.  The  spacing  at 
1.  ill’  A was  described  as  a sym:..etrical  hump  about  2.5  two-theta  broad  at 
the  Saciigro  Jin>l  level.  No  residual  lines  of  unhydrated  alite  were  found 
by  .iny  of  tho  participants  and  the  third  spacing  of  near -amorphous  C-S-H 
at  . 'Out  2,8c  was  apparently  inconspicuous. 

The  hydrated  ?-Cjl  (table  14)  contained  less  calciam  hydroxide,  a 
l.'T' f n'.saber  of  spaciny.s  characteristic  of  unhydrated  3-C2S,  and  the 
spa.i-ig  at  2.17  A (reported  by  three  laboratories)  identified  by  labora- 
tory j as  C-S-H  yel,  as  veil  as  spacings  at  3.05  or  3.16,  2,.';15(?)  or 
2.1'  , an'.  1.8K  or  l.o2j,  characteristic  of  almost  amorphous  C-S-H  gel. 

Three  he:<a,.onal  platy  caici'ti  alumlnate  hydrates  with  additional 
anions  were  examined  by  most  of  the  participating  laboratories.  Results 
are  reported  in  tables  15  uhrouy.h  17. 

C/,AC{)  5H12  was  examined  ir.  six  laboratories;  in  fom  of  these  Iht- 
sa-.ple  contained  C^AC^)_  as  well  as  C^ACq  3H][2*  also  container 

( 1 3' 

a small  amount  Oi  C3AH^.,  Oosch  and  zur  Strassen'*  ' ootained  C^ACq  5^p 
wit',  a basal  sp-acins;  of  .2  .<  .it  81  percent  relative  humidity  and  a 


dehydration  p.  c.c.uct  vii".  .1  : 1 spacing  of  7.7  A and  a water  content 
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recorded  aj  9 H2O  at  11  percen.’:  relative  humidity;  it  does  not  appear 
that  they  investigated  the  production  of  the  partial  dehydrated  phase 
at  iiigher  humidities.  Since  the  7.7-A  phase  appeared  in  four  laboratories 
’t  seems  probable  that  dehydration  of  the  8.2-A  phase  begins  at  relative 
humidities  above  11  percent.  Dosch,  Keller,  and  zur  Strassen^^^^  have 
found  that  the  CO3  content  of  the  material  described  by  Seligmann  and 
Greening^^’^  as  C3A • l/2Ca(0H)2* l/2CaC03*Hx  (equal  to  ^;H^)  > ranges 

fra.i  0.25  to  0.5,  which  reconciles  the  previous  disparity  of  vie'.'s  on  the 
carbonate  content  of  the  substance. 

Table  Ic  shews  spacings  of  C4A(IHjj  reported  by  two  laboratories. 

Very  small  amounts  of  C3AH5  were  reported  by  four  of  the  six  laboratories 
th.ac  examined  this  sample.  There  was  no  indication  that  any  dehydration 
■Stage  of  C4ACHj^j^  was  present. 

ipacings  of  tetracalcium  aluminate  monosul fate-12-hydrate  (C4ASH12) 
recorded  by  tv;o  laboratories  are  shown  in  table  17.  Five  laboratories 
examined  tnis  sample;  all  found  a very  small  amount  of  ettringite  with 
the  monosul  fate . Partial  dehydration  of  the  sample  occurred  in  th/’ce 
o:  the  laboratories;  in  two  of  them  it  took  place  because  the  sample  was 
r.tored  or  examined  at  reduced  relative  humidity  but  in  the  third  it  ap- 
parently resulted  from  laboratory  ambient  relative  humidity.  In  one 
la  moratory  it  ^.’«s  stored  over  CaCl2  (nt  a relative  humidity  of  33  percent) 
for  three  days  before  X-ray  examination.  In  another  it  was  first  cxa'.inec 
in  a -tatic  nitrogen  atmosphere--in  which  it  was  partly  ciehydratcd--and 
;ub;.oquenc ly  rchydrated  by  storing  it  in  a sealed  container  for  one  week 
over  ;'i,  (b03) 2 ’ 6H2  whic!.  produces  a relative  hun.  dity  over  >0  percent  at 
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about  23  0 (357,  r.h.  at  18  C,  21.5%  at  31  C)  which  returned  all  of  the 
sample  to  the  12-hydrate  condition. 
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Sample  40  was  prep.-^-nd  to  have  the  caaposition  C4AH1Q  5.  As  examined 
■'y  live  laboratories  it  appeared  to  have  been  unstable.  Reports  from 
three  of  the  laboratorie.s  are  shown  in  table  18,  with  interpretation.s  pro- 
vided by  the  writer.  A suntnary  of  all  five  reports  follows; 

I.al' oratory 

1 C4AH^3,  C4^\CHii;  C3AH(,,  CH 

2 C4AHj^3  ; C3AHg,  CH 

3 C4ACQ  5Hj3,  C3AH6,  CH 

5 ^4^?0*  5^*12 » C4AC0  5H10;  C3AH6,  CH 

b V^o!5“12«  C4AH13;  C3AH6,  CH 

Carbonation  and  dehydration  affected  the  portions  of  the  sample  differently 
in  four  of  the  laboratories. 

Sample  41,  ettringite  produced  at  the  National  Bureau  o'”  Standards, 
was  examined  by  five  laboratories;  results  from  two  appear  in  table  19. 

One  laboratory  examined  another  sample  of  ettringite  prepared  by  the 
Portland  Cement  Association  Research  and  development  Laboratories  and 
found  it  comparable  to  the  sample  prepared  by  the  National  Bureau  of 
Standards  with  the  addition  of  two  or  three  weak  lines.  Card  9-^»14, 
nttz-ingitc,  in  the  Powder  Diffraction  File^^^^  lists  spacings  from  9.73 
to  1.768  A,  including  a total  of  50.  Participants  in  this  program  re- 
ported 21  to  54  spacings  in  this  range  including  a few  not  shown  on  the 
card  wliich  are  believed  to  rcprc.sent  one  or  more  additional  constituents 
of  the  le.  fj.  re  an-l  Taylor^^^)  have  described  th_  structure  of 
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naturally  occurring  ettringite  from  Scavt  Hill.  The  crystal  symmetry 
is  trigonal  with  space  group  P31c;  some  crystals  arc  hexagonal  either 
oecause  of  partial  disorder  or  twinning.  The  authors  regard  disorder  as 
the  more  probable  explanation. 

One  laboratory  examined  a sample  prepared  to  represent  e Joiid  solu- 
tion between  C^ASH]^2  and  with  SO-j  to  AI2O3  as  0.75  to  1.00.  The 

constituents  recognized  were  C^A§Hi2»  C^ACH^^  although  the 

sample  was  examined  in  a chamber  which  had  an  atmosphere  above  90  percent 
relative  humidity, 
p cussion  idetection  of  C-S-h  r^el 

The  results  of  examination  of  the  hydrated  silicates  appear  to  show 
that  C-S-H  gel  produced  by  the  paste  hydration  cf  alite  or  3-C2S  for 
3.3  years  yields  broad  weak  rpacings  at  about  3.05  to  3.07  A and  1.82  A, 
with  the  more  intense  at  3.05-3.07  A asymmetric,  dropping  steeply  toward 
lower  diffraction  angles  and  tailing  off  gently  to  about  38  two-theta;  the 
third  spacing  at  2.C  A reported  for  nearly  amorphous  calcium  silicate 

/ ICX 

hydrates  by  Taylor'  ' was  not  conspicuous  in  the  hydrated  alite  (table  13, 
ij-.  7)  examined  in  this  program  and  was  masked  i..  the  hydrated  ^-C2S  by 
residu.Tl  unhydrated  material.  The  cement  pastes  of  O.fo  w/c  hydratec!  :or 
1 year  (fig.  7)  had  the  2.S0-A  spacing  masked  in  part  by  hydrogarnet  and 
uni'.ydrated  silicates  (ccj  ent  No.  1),  by  residual  unhydr.'’ted  silicates 
(cement  No.  2),  and  by  residual  silicates  and  alunino'errites  /^cement 
No.  3).  The  pastes  of  0,35  w/c  at  365  days  retained  more  unhydrated  ma- 
terial and  accordingly  the  2.5  spacing  was  not  detected. 

It  appears  to  the  writer  that  the  results  with  respect  to  detection 
of  C-3-H  gel  show  the  success  of  three  approaches  followed  Nv  participants. 


These  are; 

(1)  Use  of  the  Gulnler  camera. 

(2)  Use  of  a diffractometer  with  a wide  detector  slit- 
(beam  slit  3°,  3°  beam  slit  as  Soller,  0,2°  detector  slit),  at  a 
scnnnlni'  speed  of  0.2°  per  minute  with  logaritlimic  rate  meter 
operation  and  full-scale  chart  deflection  of  4000  counts  per  second. 
Radiation  was  nickel- filtered  copper. 

(3)  Use  of  a diffractometer  with  an  0.006  in,  receiving 
slit  (about  0.08°)  and  a 1°  divergence  slit  (from  20  to  60  two- 
theta)  or  an  0.5°  divergence  slit  (from  8 to  20  two-theta)  at 

a scanning  speed  of  0.125^  per  minute  with  linear  rate  meter  op- 
eration and  full-scale  chart  deflection  of  100  counts  per  second. 
Radiation  was  monochromated  copper. 

Both  diffractometer  techniques  are  suitable  for  use  on 
samples  producing  broad  peaks  and  both  yield  a small  theoreti- 
cal relative  statistical  deviation. ^ 
Problems  in  identification  of  paste  constituents 

fjcveral  kinds  of  problems  perplex  the  X-ray  diffraction 
investigation  of  portland  cement  pastes.  The  diffraction  pattern 
of  unhydrated  portland  cement  is  in  Itself  complex  and  many  Icf 
the,^8pacings  are  contributed  to  by  more  than  one  constituent. 

Many  of  these  spdeings  of  unhydrated  cement  persist  in  the  hy- 
drated pastes,  particularly  those  of  low  water-cement  ratio, 
although  they  dlminlnh  with  the  progress  of  hydration.  A number 
of  spaclngs  of  hydration  products  superpose  upon  spacings  of 
unhydrated  cement  or  upon  spacings  of  other  hydration  products, 
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An  important  constituent  of  pastes,  C-S-H  gel,  is  almost  amor- 
phous and  produces  broad  weak  inconspicuous  spacings.  llie 
pLaty  hexagonal  hydrated  calcium  aluminates  with  and  without 
additional  anionic  groups  have  some  spacings  in  common  because 
they  have  similar  crystal  structures,  and  structural  units  in 
which  is  of  the  order  of  5.73  A + 0.03.  They  can  be  dis- 
tinguished by  measuring  the  longest  spacing  accurately  but  this 
is  not  simple.  In  the  first  place,  these  long  spacings  lie  in 
the  region  of  lower  diffraction  angles  where  errors  in  spacing 
due  to  errors  in  measurement  of  two-theta  are  maximized . 

In  the  second  place,  a number  of  these  substances  are  susceptible 
to  carbonation  and  dehydration  in  ambient  conditions  found  in 
laboratories  that  participated  in  this  program,  and  that  have  led 
to  many  anomalies  and  disagreements  in  the  literature. 

The  discussion  in  the  preceding  paragi-aph  suggests  that 
substantial  improvements  in  the  state  of  the  art  of  examining 
'ement  pastes  (and  paste  concentrates  from  concretes)  require 
control  of  the  temperature,  relative  humidity,  and  nature  of 
tile  atmosphere  in  which  the  samples  are  prepared  for  X-ray 
diffraction  and  in  which  the  examination  is  conducted.  Kantro, 
Copeland,  and  Anderson^^^^  and  Copeland,  Kantro,  and  Verbeck^^^^ 
described  procedures  for  achieving  such  control;  Jones  and 
Roberts^^^)  describe  precautions  taken  in  work  with  calcium 
aluminate  hydrates  which  they  noted  were  not  always  satisfactory 
in  result-s.  .'Jeligmann  and  Greening'  ' discussed  additional 
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(25) 

control  measures;  Dosch  has  described  sophisticated  ap- 
paratus; many  diffractometers  have  been  equipped  with  shop- 
made  chambers  that  permit  atmosphere  control  of  some  sort  in 
laboratories  where  clays  are  examined.  Even  relatively  simple 
control  methods  that  permit  maintaining  a high  humidity  nitro- 
gen atmosphere  in  a chamber  surrounding  the  diffraction  sample 
will  greatly  improve  reproducibility  in  the  examination  of 
atmosphere-sensitive  materials.  However,  the  anomalies  reported 
with  respect  to  water  content  and  basal  spacing  of  many  of  the 
substances  are  still  subject  to  disagreement. 

Identification  of  platy  hexagonal  hydrated  calcium  alummate  with 
and  without  additional  anions.  A considerable  list  of  these 
substances  can  be  made  in  which  ao  is  about  5.73  and  c^  varies 
widely;  Cq  varies  with  w.-'ter  content  but  a^  apparently  does 
not.^^^’^^^  Mixed  crystals  containing  iron  as  well  as  aluminum 
can  bo  formed  in  the  C4(A,F)Hx  and  C4(A,F)SHx  groups  at  least 
and  are  not  likely  to  be  distinguished  by  X-ray  diffraction  from 
the  unsubstituted  forms.  The  ultimate  products  of  cement  hydra- 
tion are  believed  to  be  substituted  C-S-H  gel,  low-sulfate  cal- 
cium sulfoaluminoferrite  hydrate,  the  lowest  sulfate  form  of 
calcium  sulfohydroxyaluninate  hydrate,  aluminosilicate  hydro- 
garnet,  and  calcium  hydroxide — except  that  in  cements  of  rela- 
tively low  C^A  content,  ettringite  and  unhydrated  calcium 
a lumino ferrite  solid  solution  may  be  present. Hc«'?ever,  other 
products  have  been  found  in  early  hydration  stages  of  mixtures 
simulating  -pastes. 
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A list  of  the  p’aty  hexagonal  hydrates  which  may  be 
thought  to  exist  in  cement  pastes  or  mixtures  like  cement 
pastes  is  given  below.  Polytypes  are  not  distinguished; 

C2AH3,  C/^A(Cl2)Hio»  C2ASH8  (gehlenite  hydrate)  are  omitted. 

Second 


b 

Order 

t 

Y 

of  Basal 

Low  Order 

jr 

§ 

Basal  Spacing  (0001) 

Spacing 

(hK-0) 

« 

Composition 

d.A 

I 

d.A 

_I 

d.A  Jt 

r 

C.vMIi9 

10.6 

ws 

5.32 

w 

2.88  s 

<•’ 

% 

r 

C^AII^3 

7.92 

ws 

3.95 

m 

2.88  s. 

2.86 

i 

f 

7.60 

ws 

3.80 

ms 

2,36  m 

k 

c 

^4^Co.5H]^2 

8.20 

ws 

4.11 

mw 

2.88  vs 

: 

^A-^So.sHg-io 

7.77 

ws 

3.88 

s 

2,88  vs 

p 

Q^A3Hl4.l(, 

9.6 

4.80 

2.87?  vs 

C4ASHj2 

8.96 

ws 

4.46 

s 

2,87  vs 

\ 

C^ASIIj^q 

8.20 

ws 

4.10 

s 

2.87  vs 

\ 

r 

C^ASH^ 

#w8.0  (8.05-7 

95) 

A/4.0 

A 

1' 

; 

i 

Host  of  these 

have  a moderate  to  very  strong 

spacing  at 

1.66 

As  noted  earl 

ier,  the  long 

spacing 

s fall 

in 

the  range  where 

errors  in  d due  to  errors  in  ueasuring  two-theta  are  maximized. 
There  are  however  means  of  increasing  one's  confidence  that 
measurements  in  this  region  arc  adequately  accurate.  When  et- 
tringite  is  present  and  detectable,  its  spacings  at  9.73  and 
'3. 61  A are  usually  recognizable;  if  they  arc  consistently  read 
as  1.73  j;  0.02  and  5.61  0.02  the  spacings  in  between  those  two 

may  be  believed  to  be  as  read.  If  the  sample  being  examined  is 
a powder,  it  can  be  front-loaded  and  paclced  hard  in  the  hope  that 
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preferred  orientation  of  the  platy  hexagonal  hydrates  will 
be  achieved  and  the  second  order  of  the  basal  spacing,  which 
falls  in  a region  in  which  spacings  are  less  influenced  by 
saall  errors  in  two-theta,  will  be  accentuated.  Some  spacings 
and  combinations  are  likely  to  remain  ambiguous;  these  include 
the  pair  7.92  and  7.77  (if  it  is  possible  to  raise  the  humidity 
far  enough  7.52  should  go  to  10.6;  7.77  should  go  to  8.20  but 
no  farther),  the  pair  7.77  and  7.60  (7.77  should  go  to  C.20 
with  increasing  humidity  but  7.60  should  not  change),  and  8.20 
(if  it  is  C4ASHj^q  it  will  go  to  8.96  out  if  it  is  C^ACq  3Hj^2 
will  not) . Without  the  ability  to  control  and  change  humidity 
around  the  sample  it  will  be  extremely  difficult  to  establish 
the  presence  of  C4AH13  as  distinguished  from  C4ACQ ^ 3% - (or 
C4ASHs--which  is  not  likcl;  to  form  except  in  pastes  dried  at 
elevated  temperature  or  over  interpret  a line 

at  r.2  A. 

Conclusion 

A-ray  diffractions  permit  the  identification  of  many  sub- 
stances in  cement  paste.  These  include  ettringite,  calcium  hy- 
droxide, hydrogarnet,  C-3-H  gel,  tetracalcium  aluminate  carbonate- 
ll-hydrate,  and  substances  in  residual  unhydrated  cement  such  as 
calcium  aluminoCerrite  solid  solutions,  MgO,  and  residual  silicates 
(but  sec  (2b)).  If  the  humidity  of  the  room  is  high  enough  or 
the  atmosphere  around  the  sample  can  be  controlled,  tetracalcium 
aluminate  sul fatc-12-hydratc  can  also  be  identified  (or  the 
nil . nte-i'.ydroxid'j  solid  solutions).  Direct  determination  of 
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C^AHi3  if  present  in  pastes  requires  control  of  humidity  around 
the  sample  because  it  may  easily  be  confused  with  other  possible 
constituents . 

All  those  who  participated  in  this  program  are  indebted 
Cor  a valuable  educational  experience  to  Dr.  George  Kalousek 
who  suggested  and  planned  it,  to  those  who  prepared  the  pastes, 
and  to  Dr.  Berman,  Dr.  Brunauer,  and  Dr.  Greening  who  provided 
synthetic  preparations  and  hydrated  phases. 


T— ,-V 


21 


REFERENCES 


1.  E.  P,  Flint.  H.  F.  McMurdiej  and  L,  S,  Wells,  Formation  of 
Hydrated  Calcium  Silicates  at  Elevated  Temperatures  and 
Pressures,  Journal  of  Research  of  the  Naticral  Bureau  of 
Standards,  Vol  21,  pp  617-638,  1938. 

2.  H.  F.  W.  Taylor,  Hydrated  Calcium  Silicates,  Part  I,  Journal 
of  the  Chemical  Society.  London,  pp  3682-3690,  1950. 

3.  L.  Heller  and  M.  F»  W.  Taylor,  ibid..  Part  II,  pp  2397-2401, 
1951;  Part  III,  pp  1018-1020,  1952;  Part  IV,  pp  2535-2541, 
1952. 


4.  H.  F.  W.  Taylor,  ibid..  Part  V,  pp  163-171,  1953. 

5.  R.  Turriziani  and  C.  Schippa,  Investigation  of  the  Quaternary 
Solids  CaO-Al203-CaS04-H20  by  X-Ray  and  DTA  Methods,  Ricerca 
Scientifica,  Vol  24,  pp  2356-2363,  1954. 

6.  N.  Fratini,  G.  Schippa,  and  R.  Turriziani,  ibid.,  Ann  25, 
p 57,  1955. 

7.  R.  Turriziani  and  G.  Schippa,  Sull'  Existenza  del  Monocarbo- 
alluminato  di  calcio  idrato,  Ricerca  Scientifica.  Ann  26, 

No.  9,  pp  2792-2797,  1956. 

8.  G.  L.  Kalousek,  Crystal  Chemistry  of  Hydrous  Cnlcium  Silicates, 
Part  I,  pp  74-80,  Journal  of  the  American  Ceramic  Society. 

Vol  40,  No.  3,  pp  74-80,  1957. 

9.  H.  G.  Midgley  quoted  The  Chemistry  of  Cement  and  Concrete  by 
F.  M,  Lea  and  C.  H.  Desch,  second  edition,  1956,  revised  by 
F.  M.  Lea,  Arnold,  London,  and  St.  Martin’s  Press,  New  Tork. 

10.  D.  L,  Kantro,  L.  E.  Copeland,  and  E.  R.  Anderson,  An  X-Ray 
Diffraction  Investigation  of  Hydrated  Cement  Pastes,  Proc. . 
American  Society  for  Testing  and  Materials,  Vol  60, 

pp  1020-1035,  1960. 

11.  H.  A.  Berman,  Preparation  of  a Carbonate-Free  Conqjlex  Calcium 
Aluminate,  Journal  of  Research  of  the  NBvi,  A.  Physics  and 
Chemistry,  Vol  69A,  pp  45-51,  1965. 

12.  K.  Mather,  A.  D.  Buck,  and  W,  I,  Luke,  Alkali -Carbonate  and 
Alkali-Silica  Reactivity  of  Some  Aggregates  from  South  Dakota, 
Kcinsas,  and  Missouri,  Highway  Research  Record  No.  45,  p 82,  1964, 


R 


P" 


1 13. 

I 

I 


i 

I 

t 

I 

I 

^ 

5 

i 

! 


14. 


!■=. 


Iv';. 

17. 

18. 
1',  . 
20. 

21. 


22. 


23. 


U,  Dosch  and  H,  zur  St.rassen,  Untersuchung  von  Tetracalciiznalumin- 
at  hydraten.  I.  Dleverschledenen  Hydratstufen  und  der  Einfluss 

vcn  Kohlens'dure,  Zement-Kalk-Gtps,  Vol  18,  No.  5,  pp  233-237,  1965. 

U'.  Dosch,  H.  Keller,  and  H.  zur  Strassen,  Discussion,  pp  72-77, 

Vol  II,  Froc  Fifth  Int,  Synposlum  on  the  Chemistry  of  Cement, 

Tokyo,  1968.  1969. 

r.  deliijnann  and  N.  R.  Greening,  New  techniques  for  temperature 
and  humidity  control  in  X-ray  dif fractoiaetry , Journal  of  PCA 
Research  and  Development  Laboratories,  Vol  4,  No.  2,  pp  2-9, 

May  1962. 

Joint  Committee  on  Pm;der  Diffraction  Standards,  Powder  Diffrac- 
tion File,  Set  9,  1059. 

A.  E.  Moore  and  H.  F.  W.  Taylor,  Crystal  structure  of  ettringite, 
Acta  Crystallographica  B26,  pp  386-303. 

H.  F.  ’.i.  Taylo’*,  The  Calcium  Silicate  Hydrates,  p 183,  199,  in 
The  Chemistry  of  Cements,  Vol  1,  ed,  by  H.  F.  V.,  Taylor,  1964. 

II.  P.  Klug  and  L.  E.  Alexander,  X-Ray  Diffraction  Procedures, 

1954,  305-317. 

International  Union  of  Crystallography  Commission  on  Crystallo- 
graphic Data,  Powder  Data,  Journal  of  Applied  Crystallography. 

Vol  4,  pp  31-86,  1971. 

F.  E.  Jones,  Hydration  of  Calcium  Aluminates  and  Ferrites, 

Fourth  International  Symposium  on  the  Chemistry  of  Cement, 
Washington,  D.  C. , 1960,  Vol  1,  pp  205-.’42,  with  discussion 
pp  242-246,  1962. 

H,  E.  Schwiete  and  U.  Ludwig,  Crystal  structures  and  properties 
of  cement  hydration  products  (hydrated  calcium  aluminates  and 
ferrites,  Proc  Fifth  Inte’-national  Symposium  on  the  Chemistry 
of  Cement,  Tokyo,  1968,  1962.  pp  37-67;  discussion  by  M.  H. 

Roberts,  W.  Dosch  et  al,  A.  h.  Moore  and  H.  F.  W.  Taylor; 
supplementary  papers  by  M,  H.  Roberts,  pp  104-117;  S.  J.  Ahmed, 

L.  S.  D.  Glasser,  and  H.  F.  W,  Taylor,  pp  118-126. 

L.  E.  Copeland,  D.  L.  Kantro,  and  G,  Verbeck,  Chemistry  of 
Hydration  of  Portland  Cement,  Proc  Fourth  International 
Sympo-sium,  U'ashington , D,  C.,  1960,  Vol  1,  pp  429-4  15,  1962. 

F.  E.  Jones  and  M.  H.  Roberts,  The  System  Ca0-Al203-H20  at 
25°C,  Building  Research  Current  Papeis,  Research  Series  1, 

Building  Research  Station,  1962. 

V. ’,  Dosch,  Rbntgen- feinstrukturuntersuchui  ’ luCtemp 'indlicher 
pulverprdparate,  Zement-Kalh-Gips , Vol  18,  No.  5,  1965,  pp  226-232. 

23 


26.  H.  F.  Taylor,  The  Chamistry  of  Canents,  Vol  2,  pp  386-400. 


27.  P.  Seligmann  and  N.  u.  Greening,  Phase  equilibria  of  cement- 
water,  Proc  Fifth  International  Symposium  on  the  Chemistry 
of  Cement,  Tokyo,  1968,  Vol  2,  pp  179-200. 

28.  L,  E.  Copeland  and  D.  L.  Kantro,  Hydration  of  portland  cement 
Proc  Fifth  International  Symposium  on  the  Chemistry  of  Cement 
Tokyo,  1968,  1969,  pp  387-420. 


- ’ »* 


Table  1 
Samples 

Cement  Pastes 

Sample  Numbers  of  Pastes 


Curing  Period,  Days 


Cement 

W/C 

1 

7 

28 

90 

365 

No. 

1 (T>'pe  I) 

0.35 

1 

2 

5 

13 

25 

N.', 

1 (Type  I) 

0.65 

3 

4 

6 

14 

26 

No. 

2 (vniite) 

0.35 

7 

8 

11 

15 

27 

No. 

2 Ophite) 

0.65 

9 

10 

12 

16 

28 

No. 

3 (Zero  C2A) 

0.35 

17 

18 

21 

23 

29 

No. 

3 (Zero  C3A) 

0.65 

19 

20 

22 

24 

30 

Laboratories  1 through  4,  and  6,  examined  all  30  samples. 
Laboratory  5 examined  samples  7 through  30. 


Hydrated  phases  and  Compounds 


Sample  No.  Description  Source 


35  Hydrated  alite  Hydrated  5.3  years  PCA 

36  Hydrated  3-C2S  Hydrated  5.3  years  PCA 

37  Tetracalcium  alurainate  hemicarbonate-12-hydrate  PCA 

3£  Tetracalcium  aluminate  carbonate-ll-hydrate  PCA 

39  Tetracalcivim  aluminate  raonosulfate-12-hydrate  NBS 

40  Tetracalcium  a iuminate-10. 5-hydrate  PCA 

41  !i;i;tringite  NBS 

Ettringite  PCA 


Table  2 


1 


Hydrated  Phases  Examined  by  Six  Laboratories 

Laboratory  Humber 


Sample  No. 

1 

2 

3 

4 

5 

6 

35 

Hydrated  alite* 

X 

X 

X 

X 

X 

36 

Hydrated  3-C2S* 

X 

X 

X 

- 

X 

X 

37 

Tricalcium  hemicarboaluminate* 

X 

X 

X 

X 

X 

X 

38 

Tricalcium  monocarboaluminate* 

X 

X 

X 

X 

X 

X 

39 

Calcium  monosulfoaluminate** 

X 

X 

X 

X 

- 

X 

40 

‘-4^^10.5* 

X 

X 

X 

- 

X 

X 

41 

Ettringxte** 

X 

X 

X 

- 

X 

X 

- 

Monosulfate  (0.75  SO~/Al203)* 

- 

- 

X 

- 

- 

- 

- 

Ettringite* 

- 

- 

X 

- 

- 

- 

* Prepared  by  the  Portland  Cement  Association  Research  and  Develop- 
ment Laboratories. 

ir:.-  Prepared  by  the  National  Bureau  of  Standards. 


Diffractometer 
General  Electric 
Norelco 
Rif.aki  Denki 

Guinier  Camera 

Monochromator 


Table  3 


Instrumentation 


Laboratory 
3 4 


Radiation 


CuKof  CuKor 


Fi Iter 


Nickel  Nickel  Nickel  Nickel  Nickel 
0.0007  0.0007 

in.  in. 


Detector 

Film  - - - - X 

Proportional  Counter  x - x - - - - 

Scintillation  Counter  - - - >;  x - - 

Geiger  Counter  - - - - - - x 

* One  examination  made  using  a high-intensity  X-ray  tube,  nickel  filter, 
pulse  height  analysis,  and  a proportional  counter  as  a detector. 

**  Curved  crystal  monochromator  with  fine  focus  X* **riy  tube  and  geiger 
counter  detector. 


' Conditions  for  Examination  of  Cement  Pastes 


(c)  Ml  pastes  of  O v ' a v-  •-  the  rang-'-  " ' v 2<?  using  a linear  scale  of  1000  c/s,  with 

time  co''<-'  ''ut  =■  -3  that  the  Ca(0H)2  peak  at  18  2-6  was  also  scanned  with  tc  » 4 sec 

(sa.nples  . 4,  0,  14,  26;  9,  16;  22,  30)  or  with  tc  •«  2 sec  (samples  26,  9,  10,  12,  16,  19).  During 
chis  examination,  the  intensities  of  all  peaks  were  scaled. 

(d)  Ir  the  first,  second,  and  third  decades,  respectively,  of  the  logarithmic  range. 


I 

I 

I 

t 

I 

I 


Table  5 


Stronr,  Lines  and  Interferences  In  Portland  Cement  Pastes 

d,  m X 10"^Q 

Ettrlncite  I » 100;  9.6  A 

.0  C4ASH12  (0001)<3) 

8.2  C^ASUlo,  C4ACq^ (0001)  of  both 

7.95  (0001) 

7.77  C4ACQ  (0001) 

(U) 

7.62  C4ACHio.n  (0001) 

1 .2-1 A Aluminoferrite  solid  solutions^^\  7.2  of  C4ACH6^^^ 

5.94  AUte^^^ 

5.01  Ettrinclte,  I = 31 

5.06  Hydrogarnet , I “ 95 

4.90  C4ASHj^2  ' 

4.69  Ettringitc,  I » 36 

4.62  C4ACQ  5H]^2 

4.48  C4ASH^2 » 04AH^2  weak 

4.38  Hydrogarnet,  weak  but  not  subject  to  Interference. 

4.3rO  C4ACo,5Hi2’  ^4^^^10  (0002) 

4,00  C4ASH12 

3.95  C4AHi3  (0002) 

• , ' f. 

3.88  Ettringlte;  C4AC0.5H10  (0002);  C4ACQ  5113^2 » C4AHi3  weak;  Allte; 

Calcite  weak. 

3.78  (0002) 

3.66  C4ASH12;  aluminoferrite  solid  solution  3.63-3.70 

3.62  C^AUj^2 

T.48  Ettringlte,  probably  not  detected. 


40 


f 
* 

Table  5 (Continued)  5 

I 

-10  ^ 

d.  m X 10  j 

3.30  Hydrogarnet,  weak  but  not  interfered  with  in  paste 

3.112  CH,  ordinarily  masks  3.10  of  Hydrogarnet  ; 

3.06  C-S-H^'^ 

3.04  Alite,  Belite,  3.035  of  calcite^^^ 

2.97  Alite 

2.88  C,^ASH]:2,  C4A5H]^q,  C4ACQ  5H,2,  C4AH13;  Belite^^\  C4ACHj^j^  2.86; 

C4AH13  2.86 

2.80  C-S-H 

2.77  Alite  and  Belite,  Hydrogarnet,  Ettrin^ite 

2.75-2.74  Alite  and  Belite;  C4ASH3^2  2. 72 

2.70  C3A;  2.69  of  C4AH13 

2.63-2.68  Aluminoferrite  solid  solutions 

2.628  CH  I = 100 

2.564  Ettringite 

2.54  Belite,  C4ACy  5Hi2>  2.53  of  Hydrogarnet;  2.524  C4ACHj^l^^  ^ 

2.49j  Calcxte,  C^AH|^3,  C4ACH2^jl^ 

2.47  C4AH13 

2.45  C4AHj^3,  C4ASH-,2,  ^4^^q  5^12 

2.A2  C4ASH12,  C^ACUii 

2.40  CaO  - improbable  in  paste 

2.35  C4ACo,5Ki2.  2.34  of  C^ACHu 

2.285  Calcite  - weak 

2.27  Hydrogarnet,  I = 100;  2.26  of  C4ASHj^2 
Ettringite,  C4ACq^5H^2 

2 
3/ 


2.23 


M --  ,^V  ■ - ,-'■  . --  T 


Table  5 (Continued) 

d,  m X 10~^^ 

2.209  Ettringite 

2.185  Alite,  Belite 

2,169  Alite,  Belite 

2.10  MgO  I = 100;  2.095  Calcite;  2.09  weak  Alite,  Belite 

2.07  C^ASH]^2 

2.00  Hydrogarnet  I = 95 

1.927  CH 

1.796  CH 

1.687  CH 

1,66  C^(ASH]^2»  *^4^^0.5^12>  ^4^^^^11>  ^4‘^^13 


31 


Table  5 References 


Ettringite,  H.  E.  Svanson,  N.  T.  Gilfrich,  M,  I.  Cook,  R.  Stinchfield, 
and  P.  C.  Parks,  Standard  X-Ray  Diffraction  Powder  Patterns,  Vol  8, 

NBS  Circular  539,  p 3,  1959. 

Calcium  hydroxide,  H.  E.  Swanson  and  E.  Tatge,  ibid,  Vol  1,  1953, 
p 59;  MgO,  p 37,  CaO,  p 43,  Calcite,  H,  E.  Swanson  and  R.  Fuyat, 
ibid,  Vol  2,  1953,  p 51. 

P.  Seligmann  and  N,  R.  Greening,  Studies  of  Early  Hydration  Reactions 
of  Portland  Cement  by  X-Ray  Diffraction,  Highway  Research  Record 
No.  52,  pp  80-105,  1964. 

C4ASH|^2>  this  program  and  H.  F.  W.  Taylor,  ed..  The  Chemistry  of 
Cements . Vol  2,  p 396,  1964. 

H.  E.  Schwiete  and  Udo  Ludwig,  Crystal  Structures  and  Properties  of 
Cement  Hydration  Products,  Proc . . Fifth  Int.  Sym.  on  Chem.  of  Cement, 
Tokyo,  19C8,  Vol  II,  pp  37-67,  1969; 

ibid,  and  this  program; 

M.  H.  Roberts,  Calcium  aluminate  hydrates  and  related  basic  salt  solid 
solutions,  ibid,  pp  104-117. 

11.  F.  W,  Taylor,  The  Chemistry  of  Cements.  Vol  2,  pp  347-404,  1964. 

Spacings  Croni  D.  L,  Kantro  et  al.  An  X-Ray  diffraction  investigation 
oC  hydrated  port  land  cement  pastes.  Am  Soc  Testing  Mats,  proc. . Vol  60, 
pp  1020-1035,  1960.  Intensities  calculated  from  fig.  in  B,  Marchese 
and  R.  Scrsale,  Stability  of  hydrogarnet  series  terms  to  sulphate 
attack,  Proc . , Fifth  Int  Sym  on  the  Chemistry  of  Cement,  Tokyo,  1968, 
Vol  II,  p;^  133-137. 

Data  from  this  program. 
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Table  6 

Cement  No.  1;  Constituents  of  Pastes  vd.th  W/C  = 0.35 


Curing,  Days 


1 

7 

28 

90 

365 

Ettringite 

X 

X 

X 

X 

X 

C4ASH12 

- 

X 

X 

X 

X 

Calcium  hydroxide 

X 

X 

X 

X 

X 

Hydrogarnet 

- 

tr? 

tr? 

X 

X 

C4ACH11 

- 

- 

- 

X 

tr 

C4AHX 

- 

X 

X 

X 

- 

C3AH6 

- 

- 

- 

9 

- 

C-S-H 

X 

X 

X 

X 

X 

Alite 

X 

X 

X 

X 

X 

Belite 

X 

X 

X 

X 

X 

C3A 

X 

X 

X 

X 

X 

Aluminoferrite 

X 

X 

X 

X 

X 

MgO 

X 

X 

X 

X 

X 

NOTES:  tr  = trace;  tr?  = possible  trace. 


Laboratories  Reporting  Each  Constituent 

Ettringite 
C4ASH12 

Calcium  hydroxide 
Hydrogarnet 
C4v\CHii 

C4AH^  (Total  of  2) 

C3A14 
C-S-H 
Alite 
Bcli ta 
C3A 

Alaninoferrite 
MgO 


i4 


2 

3 

6 

2 


5 

3 

2 

1 

2 

3 


ifr  TiTfTrf* 


d 


f?  SSSSSSSS5*SC«^*-'  - ■ 

• Table  7 

Cement  No.  2;  Constituents  of  Pastes  with  W/C  ■ 0.35 


Curing.  Days 


1 

7 

28 

90 

365 

Ettringlte 

X 

X 

X 

X 

tr? 

C4ASHj^2 

tr? 

X 

X 

X 

X 

Calcium  hydroxide 

X 

X 

X 

X 

X 

Hydjogarnet 

- 

- 

m 

M 

tr? 

C4ACH1X 

- 

- 

X 

X 

C4AHx<3) 

- 

- 

X 

X 

X 

C-S-H 

X 

X 

X 

X 

X 

Allte 

X 

X 

X 

X 

X 

Bellte 

X 

X 

X 

X 

X 

C3A 

X 

X 

X 

~ 

“ 

NOTE:  tr?  * possible  trace. 

Laboratories 

Reporting  Each  Constituent 

Ettringlte 

5 

5 

5 

4 

1 

C4A5H12 

2 

4 

5 

5 

2 

Calcium  hydroxide 

7 

7 

7 

7 

6 

Hydrogarnet 

- 

- 

- 

«» 

1 

C/^ACHll 

* 

- 

2 

1 

*• 

C4AH^ 

c-f,-k 

- 

- 

1 

1 

1 

1 

2 

4 

5 

4 

Alite 

5 

5 

5 

5 

3 

Bellte 

5 

5 

5 

4 

3 

C3A 

5 

2 

2 

- 

Table  8 


Cement  No.  3; 

Constituents 

of  Pastes  with  W/C 

=■  0.35 

Curing.  Days 

1 

7 

28 

90 

365 

Ettringite 

X 

X 

X 

X 

tr 

C4ASHj^2 

tr?  1 

tr 

tr 

tr 

tr? 

Calcium  hydroxide 

X 

X 

X 

X 

X 

C4AHX 

tr 

- 

- 

- 

- 

C-S-H 

X 

X 

X 

X 

X 

Alite 

X 

X 

X 

X 

X 

Belite 

X 

X 

X 

X 

X 

Aluminoferrite  x x 

NOTES:  tr  = trace;  tr?  = possible  trace. 

Laboratories  Reporting  Each 

X 

Constituent 

X 

X 

Ettringite 

4 

3 

4 

5 

2 

C4ASH|^2 

1 

2 

2 

2 

1 

Calcium  hydroxide 

7 

7 

7 

7 

6 

C4AHX 

1 

- 

- 

- 

- 

C-S-H 

1 

4 

4 

5 

3 

Alite 

5 

5 

5 

5 

5 

Belite 

5 

4 

4 

3 

2 

Aluminoferrite 

6 

6 

6 

6 

6 

Table  9 

Cement  No.  1;  Constituents  of  Pastes  of  W/C  = 0.65 


Curing.  Days 


1 

1 

7 

28 

90 

365 

V- 

f 

t 

Ettringite 

X 

X 

X 

X 

• 

C4ASH12 

X 

X 

X 

X 

X 

% 

Ca(0H)2 

X 

X 

X 

X 

X 

Hydrogarnet 

tr? 

tr 

tr 

tr 

tr 

1 

i C^AHx 

- 

- 

P 

D 

- 

C4ACHH 

tr 

X 

X 

tr 

p 

C-S-H 

X 

X 

X 

X 

X 

1 

Alite 

X 

X 

X 

X 

X 

Belite 

X 

X 

X 

X 

X 

'■f 

CoA 

X 

X 

tr? 

- 

- 

Aluminoferrlte 

solid  solution  x 

X 

X 

X 

X 

5’' 

MgO 

X 

X 

X 

X 

X 

t; 

Calclte 

tr 

tr 

- 

• 

- 

t 

i 

? 

NOTES ; tr?  = 

possible  trace;  P = possible;  D 

= doubtful 

• 

? 

r 

f 

c 

i- 

Ettringite 

Laboratories  Reporting  Each 

6 

Constituent 
4 4 

4 

C4ASH12 

1 

6 

5 

6 

5 

Ca(0H)2 

7 

7 

7 

7 

6 

Hydrogamet 

1 

2 

0 

2 

2 

r 

C4AHX 

- 

* 

1 

1 

•* 

C4ACH^]^ 

“ 

3 

3 

4 

1 

C-S-H 

1 

1 

4 

4 

2 

f 

Alite 

4 

4 

4 

5 

1 

h 

Belite 

4 

4 

4 

4 

0 

1 

C3A 

5 

3 

1 

- 

“ 

i 

Aluminoferrlte  solid  solution  4 

4 

4 

4 

1 

i: 

MgO 

4 

4 

4 

5 

2 

b 

1 Calcite 

1 

1 

1 

• 

■* 

I 


Table  10 


Cement  No.  2;  Constituents  of  Pastes  of  W/C  = 0.65 


J, 

7 

28 

Ettringite 

X 

X 

X 

X 

C4A5Hi2 

• 

X 

X 

X 

Ca(CH)2 

X 

X 

X 

X 

C^A^ 

- 

- 

- 

C4ACH11 

X 

X 

X 

X 

C-S-H 

X 

X 

X 

X 

Alite 

X 

X 

X 

X 

Belite 

X 

X 

X 

X 

C3A 

X 

X 

X 

X 

Calcite 

tr 

? 

- 

- 

NOTES:  tr  = trace; 

tr?  = 

possible  trace. 

Laboratories  Reporting  Each  Constituent 


Ettringite 
C^ASH]^ ) 
Ca(0H)2 


C4AHX 

C4ACH11 

C-S-H 

Alite 

Bellte 

C3A 

Calcite 


(Total  of  3) 


Table  11 

Cement  No.  3:  Constituents  of  Pastes  of  W/C  = 0.65 


Curing.  Days 

1 7 28  90  365 


Ettringite 

X 

X 

X 

X 

X 

C4ASH12 

- 

tr 

tr? 

tr 

7 

Ca(0H)2 

X 

X 

X 

X 

X 

C4AHX 

- 

tr 

- 

tr 

- 

C ACHa 

- 

- 

- 

- 

tr? 

C-S-H 

X 

X 

X 

X 

X 

Alite 

X 

X 

X 

X 

tr 

Belite 

X 

X 

X 

X 

y. 

Aluminoferrite  solid  solution 

X 

X 

X 

X 

X 

Calcite 

tr 

tr 

tr 

tr 

- 

NOTES;  tr  = trace;  tr?  - possible  trace. 


Laboratories  Reporting  Each  Constituent 


Ettringite  4 4 
C4ASH12  (Total  of  3)  - 2 
Ca(0H)2  ^ 7 
Hydrogamet  1 1 
C4A^  - 1 
C4ACH11 

C-S-H  1 4 
Alite  5 5 
Belite  5 4 
A lumino ferrite  solid  solution  6 6 
Calcite  1 1 


4 

1 

7 


4 

4 

3 

6 

1 


4 

2 

7 

1 

4 

4 

2 

6 

1 


2 

1 

6 


1 

3 

1 

1 

5 


Table  12 


r 


m 


1 

of  Pastes 

of  0. 

65  Water- 

-Cement  Ratio 

1 

, 

Peak  Height  Above  Background.  Counts /Second 

; 

Age. 

Days 

i 

1 

7 

28 

90 

365 

Cement  No.  1 - 

Type  1 

: Ettringite 

87 

21 

<5  (est) 

tr  (est) 

• 

s- 

k 

C4ASH12 

- 

41 

72 

74 

58 

; C4ACHU  (Note 

2) 

“ 

pr 

pr 

pr 

pr 

g 

j 

; 

489 

417 

702 

842 

679 

r 

; Cement  No.  2 - 

White 

' 

t 

Ettringite 

47 

28 

18 

5 (est) 

tr 

.■ 

C4ASH12 

- 

26 

39 

41 

34 

C4ACH, 1 

- 

tr? 

tr 

pr 

pr 

L 

CH 

653 

848 

692 

492 

435 

20 

20 

20 

5 (est) 

<5  (est) 

- 

tr 

tr? 

tr 

7 

460 

986 

1019 

752 

821 

Cer.cnt  No.  3 - Zero 

Kttringite 

C4ASH12 

CH 

71)  Determined  by  scaling  peak  heights  and  adjoining  background  with  dif- 
fraction conditions  as  follows:  50  KVCP  and  21  ma,  Cu  radiation  with 

:;i  filter,  1°  Beam  Slit,  3°  BS  as  Seller,  0.2°  detector  slit,  full 
scale  deflection  of  chart  1000  counts,  linear  rate  meter  operation, 
time  constant  8 sec,  December  1966.  Peaks  scaled  were  9.7  A (ettringite) , 
8.98  A (C4ASHi2)i  and  4.92  A (CH) . 

(2)  C^ACH^i^  was  not  scaled  but  its  presence  is  noted  as  trace,  possible 
trace,  or  present. 


Table  13 


I. 

¥ 


Sample  35;  Hydrated  Altte  Cured  5»3  Years 


Laboratory  3 


Laboratory  6 


s 

d.A 

I* 

d,A 

I 

4. ‘^2 

83 

CH 

4.9 

vs 

CH 

\ 

3.114 

28 

CH 

3.12 

ms 

CH 

t 

3.006 

12 

C-S-H** 

3.07 

m/b 

C-S-H 

£ 

r 

2.98 

ww 

C-S-H 

: 

2 . 7S6 

5 

C-S-H 

2.83 

ww 

7 

r. 

2.G2‘. 

100 

CH 

2.63 

W8 

CH 

t 

2.46 

ww 

CH 

p 

L 

» 

1.92. 

43 

CH 

1.93 

vs 

CH 

t. 

l.Sl'- 

5 

C-S-H**»- 

1.83 

w 

C-S-H 

[ 

1.790 

25 

CH 

1.80 

vs 

CH 

1 .686 

15 

CH 

1.69 

s 

CH 

1.635 

1 

CH 

1.64 

vw 

CH 

i 

1.554 

2 

CH 

1.56 

m 

CH 

1.483 

7 

CH 

1.449 

7 

CH 

i- 

* Net  peak  heip.ht 

referred  to 

net  height  of  most 

intense 

peak  as 

1 

**  Hump 

from  26  to 

38  two-theta 

, falling  off  steeply  from 

29.3  to 

100. 


*** 


two-theta. 

About  2.5  two-theta  wide  at  the  base. 


fe 


1 


'i 

I 

■| 


Table  14 


Lab 

Sample  36:  Hydrated 

C.-C2S  Cured 

5.3  Years 

f 6 

oratory  3 

Laboratory 

d ,A 

I* 

d ,A 

I 

4.91 

1 

CH 

4.91 

ms 

CH 

4. 6' 

1 

5-C2S 

3.34 

vw 

C2S 

3.23 

2 

S-C2S 

3.11 

16 

CH 

3.11 

ms 

CH 

3.05.1 

31 

C-S-H,  CaC03?** 

3.06 

ms/b 

C-S-H 

2.966 

21 

2.97 

w/b 

C-S-H 

2.S77 

16 

3-C2S 

2.88 

mw 

C2S 

2.815 

17 

2 

2.781 

21 

5“C2S 

2.79 

m 

C2S,  C-S-H 

2.73'.' 

19 

3-C2S 

2.75 

w 

C2S 

2.720 

10 

3-C2S 

2.627 

60 

CH 

2.63 

ws 

CH 

2.61 

w 

C2S 

2.547 

2 

8-C2S 

2.442 

4 

3-C2S,  CH 

2.44 

w 

CH,  C2S 

2.404 

4 

5-C2S 

2.41 

vw 

C-S-H,  C2S 

2.27  • 

3 

^-C2S 

2.28 

w 

CoS 

2.16''- 

7 

3-C2S 

2.19 

mw 

cjs 

. V-' 

O 

im 

2-C2S 

2.165 

•/w 

C2S 

2.13 

1 

3-C9S 

2.or '■ 

2 

S-CoS 

2.08 

ww 

C2S 

2.05 

ww 

C2S 

2.;.26 

3 

- -C93 

1.984 

4 

3-C25,  CH 

1.98 

vw 

C28 

1.92-0 

23 

CH 

1.93 

ms 

CH 

1.894 

2 

2 ”C9'' 

i.-3r- 

12 

C-S-H^^-^ 

1.825 

ms/b 

C-S-H 

1.7'/b 

o 

CH 

1.799 

s 

CH 

1,707 

1 

3-C9S 

1.683 

6 

CH  “ 

1.69 

m 

CH 

1,627 

1 

3-C9.S 

1.62S 

u 

CH 

1 . 54 

2 

3-C2S 

1.524 

2 

3-C2S 

1.432 

3 

CH 

1 , 4 ‘40 

3 

CH 

•••  Net  peak  heip.hC  referred  to  net  peak  heirht  of  stronp.est  peak  as  100. 
**  Halo  from  26  to  38  two-tlieta. 

A ''  it  two  t'.'.cta  vl 'o  at  base. 


-«* — ^ 


Table  15 


Cample  37: 

Tetracalclum  Aluminate 

Hemicar b ona te - 1 2 -Hydrate 

Laboratory  5 

Laboratory  6 

d.A 

I 

d.A 

I_ 

8.12 

ws 

8.2 

10 

7.8 

1 

? 

5.405 

vw 

5.12 

w 

5.11 

3 

C3AH6 

4.895 

V 

4.62 

4 

4.43 

2 

C3AH6 

4.104 

vs 

4.09 

7 

3.873 

s 

3.87 

9 

3.77 

1 

3.50 

2 

3.359 

w 

3.35 

O 

C3AH6 

3.245 

vw 

3.134 

vw 

3.13 

2 

C3AH6 

3.02 

1 

2.88 

m 

2.88 

9 

2.83 

3 

2 . oOc 

w 

2.80 

3 

C3AH6 

2.723 

m 

2.72 

8 

2.62 

2 

2.54v 

m 

2.54 

8 

2.47 

1 

C3AH6? 

2.448 

m 

2.44 

9 

2.358 

IT. 

2.35 

6 

2.319 

w 

2.31 

4 

2.293 

r’.s 

2.29 

3 

(''3AH6 

2.22 

4 

2.20 

2 

2.166 

w 

2.16 

2 

2.07 

1 

2.043 

2.03 

5 

C3AH6? 

1.985 

m 

1.98 

4 

1.939 

w 

1.94 

3 

1.88 

1 

1.86 

5 

1.85 

5 

1.80 

1 

1.771 

w 

1.78 

1 

1.75 

w 

1.75 

3 

1.74 

3 

C3AH6? 

1.70 

1 

1.68 

1 

1.67 

1 

C3AH6 

1.663 

w 

1 . 66 

8 

1.635 

w 

1.63 

7 

7 more  lines  to  1.42 

I 


Table  16 


Sample  38:  Tetracalcium  Aluminate  Carbonate-11-Hyclrate 


Laboratory  3 

d.A  I* 


Laboratory  6 

d.A  _I 


7 . 02 

100 

5.71 

<1 

5.K 

<1 

C3AH6 

4.0.) 

<1 

4.35 

1 

Gibbslte? 

4.68 

<1 

Bayerite? 

4.49 

1 

C3AH6 

4.36 

2 

3.‘-'- 

2 

3 . 79 

47 

3.63 

1 

3.46 

3 

3.36 

<1 

C3AH6 

3.3^ 

<l 

3.14<t 

<1 

cyvHo 

3.03 

<1 

Calcite 

2.259 

7 

2.779 

2 

2.72' 

4 

2.654 

1 

2,376 

<1 

2.326 

■ 

2 .O': 

5 

2. 4.-4 

2.422 

12 

2.34 

11 

2.2  4 

2 

C3AH5? 

2,23'/ 

1 

2 . 2 14 

<1 

Bayerite 

2.167 

5 

2.14' 

<1 

2.11S 

3 

2.0'*' 

3 

2.063 

<1 

7.6 

I'J 

5.72 

1 

5.12 

2 

C3AH6 

4.94 

1 

4.S8 

1 

4.8? 

1 

4 . 06 

2 

4.46 

3 

C3AH6? 

4.34 

4 

3.97 

5 

3.8Tj_ 

5 

3.sor 

0 

3.64 

3.45 

✓ 

3.40 

1 

3.34 

1 

C3AK5 

3.29 

1 

3.13 

1 

C3AHf, 

9 

0 

•»  * V'  ' 

2. 82 

3 

2.0I 

1 

C3AHG 

2.78 

5 

2.7. 

•7 

t 

2.65 

1 

-)  .'•.a 

7 

il.  30 

- 

2.53 

7 

2.52 

2 

V /xO 

6 

2 .48 

7 

2.44 

2.33  b 


2.29 

3 

C3A 

2.26 

2.23 

3 

2.21 

3 

2.163| 

2 . 1 6 j 

1 

3 

2.13 

'' 

2.11 

S 

2 


Ir.ten.'-.it V e:<r:-’.sed  a.'  net  reak  hclrhl  rcferreJ  to  b.ci.jit 


o;  /.-i4 


MilBHiili 


Table  16  (Continued) 


Laboratory  3 Laboratory  6 


d ,A 

I* 

d,A 

I 

2.036 

2 

C3AHg  in  part? 

2.03 

2 

2.02? 

2 

2.02 

1 

2.013 

3 

2.01 

3 

l.''v2 

<1 

1.99 

2 

6 

1.94 

4 

1.93 

2 

1.‘00 

<1 

1.90 

2 

1.8<2 

1 

1.88 

2 

1.861 

3 

1.86 

4 

1.83 

1 

1.824 

4 

1.82 

4 

1.7s  6 

<1 

1.80 

1 

1.77 

1 

1.751 

<1 

1.75 

1 

1.745 

<1 

C3AH6 

1.74 

1 

1.723 

<1 

1.72 

1 

1.714 

1 

1.71 

1 

1.6^0 

<1 

1.69 

1 

1.670 

<1 

C3AH6 

1.68 

1 

1.665 

4 

1.67 

1 

1.66 

5 

and  five  lines  to  1.60 


* Intensity  expressed  as  net  peak  height  referred  to  height  of  7.62-A  peak. 


4^ 


Tl— 


J 


Ettringite 


Ettringite 


8 

2 

E' 

96 

100 

60 

<1 

E 

90 

1 

68 

<1 

E 

47 

32 

00 

12 

88 

<1 

E 

65 

1 

9.8  1 

9.0  10 

5.62  1 E 

4.92  3 

4.70  1 E 

4.48  8 

4.00  9 

3.88  1 E 

3.66  3 


47 

24 

031 

879 

773 

41 
15 

59 
79 
99 
21 

02 
36 

60 
36 
89 

49 

88 

72 

I/O 

03 
79 
67 
25 
10 
88 
65 

42 
91 
61 
34 


<1 

E 

3.48 

<1 

E 

<1 

Caicite 

6 

2.88 

1 

E in  part? 

2.78 

3 

2.74 

<1 

E? 

2.63 

<1 

E 

2.56 

<1 

2.48 

4 

2.45 

8 

2.42 

4 

2.36 

2 

2.34 

1 

2.26 

2 

2.24 

4 

2.20 

2.19 

<1 

E 

2.15 

i 

2.09 

6 

2.07 

1 

2.00 

2 

1.91 

<1 

1.88 

<1 

1.87 

3 

1.83 

1 

j. 

1.81 

<1 

1.78 

1 

1.77 

<] 

1.74 

<1 

1.69 

2 

1.66 

1 

1.64 

1.63 

1 E 


9 

1 

6 

1 

1 

2 

8 

8 

2 

4 

3 

1 

1 

3 

1 

2 

6 

3 
2 
2 
2 

4 
3 
2 
2 
1 
1 
7 
1 

5 


E? 

E?  or 
E 


E 


E 


Ca(0H)2? 


Intensity  expressed  a.-,  net  peak  height  referred  to  net  peak  height  o£ 


Table  17  (Continued) 


Laboratory  3 Laboratory  6 


j d.A 

X- 

d.A 

I 

1.589 

2 

1.59 

2 

! 1.558 

<1 

1.56 

3 

1 1.544 

<1 

1.54 

3 

1.522 

<1 

I 1.504 

<1 

■ 1.492 

<1 

1.49 

2 

; 1.454 

<1 

1.45 

1 

■;  1.439 

<1 

1.44 

3 

1 1.422 

<1 

1.42 

2 

* 1.392 

2 

1.39 

2 

i 

t 

1.38 

1 

1.37 

2 

t 

1.35 

2 

4 

I 


I 

} 


* Intensity  expressed  as  net  peak  height  referred  to  net  peak  height  of 
8.9b  A peak. 


Table  18 


Unstable  C4AHj^q  5 


laboratory  1 Laboratory  3 Laboratory  5 


iW 

I 

d.A 

I 

d_,A 

I 

7.91 

100 

C4AHU 

8.20 

ICO 

H 

8,19 

ss 

H 

7 . «>0 

7 

M 

7.81 

s 

C4AC0 . 5^10 

5.25 

<1 

3.13 

C3AH6 

5.12 

L\J 

C3AH6 

5.13 

s 

C3AH6 

4.91 

<1 

CH 

4,89 

28 

CH 

4.91 

s 

CH 

4.62 

<1 

II 

4.785 

ww 

H 

4.4-t 

<1 

C3^3H6 

4.43 

7 

C3AH6 

4.440 

m 

C3AH6 

4.09 

28 

H 

4.105 

s 

H 

3.9C 

22 

C4AH13 

3.7s 

2 

M 

3.86 

4 

H 

3.870 

b 

H 

3.50 

<1 

H 

3.30 

1 

G3AH6 

3.348 

8 

C3AH6 

3.336 

m 

C3AH6 

3.248 

<1 

3.136 

6 

C3AH6 

3.140 

C3AH(3 

3.11 

2 

cii 

3.115 

w 

CH 

2.87v‘ 

2 

H 

2.880 

ww 

H 

2.  SI 

1 

C3AH<3 

2. 806 

12 

C3AH6 

2.813 

l.l 

C3AH6 

2.731 

wwb 

2.712 

1 

H 

2.676 

1 

C3AH6 

2.682 

ww 

C3AH6 

1 

CH 

2.624 

8 

CH,  H 

2.629 

n 

CH,H 

.1.562 

3 

CaAH^ 

2,571 

w 

C3AH6 

2 . 540 

2 

H 

2.4  7 

1 

2.400 

5 

C3AH. 

2.469 

w 

C3AH6 

2. 343 

3 

H,  CH 

2.350 

! 

H 

^'.31 

0 

C3AH. 

2.290 

16 

C3AH6 

2.298 

m 

C3AH6 

2.210 

2 

C3AH  H 

2,209 

b 

C3AH(, 

2.161 

<1 

H ^ 

2.116 

<1 

. ■ J- 

y 

C3/.H,, 

2.63' 

1j 

C3AHt,,  H 

2.040 

s 

C3AH0,  H 

l.< 

1 

C^Allf^ 

1.984 

2 

CyMlf,,  H 

1.987 

ww 

CoAHf,,  H 

1,922 

5 

CH 

1.926 

w 

cfi 

1.63  ■ 

<1 

M 

^ypT'  : 

C,AC  . HL 

M = 

C'.'\CHi2.  References; 

H.  F 

. W.  Taylor,  The 

chemistry  cl 

Cements 

Vol 

2,  pp  394 

-395;  cards 

3-125,  4-733,  Joint 

C s.  ■. 

"1-  ..tee  on 

owot  r 

Oif fraction  Standards 

; M. 

H.  Roberts,  Calcium 

luri'.iiiate  iiyfirate  . .mkJ  Related  Basic  Salt  S >lid  Solutions,  5tli  Int 
Synposiuin  on  the  Ciiciuiscry  of  Cements,  Tokyo,  19'^H,  v>)l  I'U  , 


Jv.'VS'J"'-  y'-‘J^  !»‘pU.IW 
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Table  18  (Continued) 

Laboratory  1 Laboratory  3 Laboratory  5 

d.A  I d.A  I d.A  I 


1.851 

<1 

H 

1.810 

3 

C3AH6, 

H 

1.814 

w 

C3AH6 

1.792 

1 

H,  CH 

1.796 

wwb 

1.774 

<1 

H 

1.776 

wwb 

H 

1.74  <1  CjAHg,  H 

1.740 

6 

C3AH6, 

H 

1.745 

w 

C3AH6,H 

1.707 

4 

C3AH6 

1.711 

w 

1.6S  <1  C3AH6 

1.676 

9 

C3AH6, 

CH 

1.680 

m 

C3AH6 

1.662 

1 

H 

1.630 

<1 

H 

1.594 

2 

C3AH6 

1.597 

ww 

C3AH6 

1.574 

1 

C3AH6 

1.572 

w 

C3AHg 

1.540 

<1 

H 

1.522 

<1 

H 

1.482 

1.500 

<1 

H 

1.480 

1 

C3AH6, 

CK 

1.482 

w 

C3AH5,  CH 

-ijJSi 


i,L"AW" 


im 


Table  19 


Sample  41;  Ettringlte 


Laboratory 


Laboratory  6 


d.A 

I* 

d.A 

I 

10.72 

2 

Cu  K-;  of  9.75 

11.0 

2 

9.75 

100 

9.8 

10 

6.o4 

9 

8.9 

4 

7.19 

1 

Not  ettringite 

7.2 

2 

5.79-Wf 

4 

5.81 

5.A2 

50 

5.63 

8 

4.  "7 

12 

4.99 

5 

4.J6 

4 

4.86 

2 

4.70 

IS 

4.72 

8 

4.43 

<1 

4.02 

4 

4.03 

3 

3.G7 

28 

3.89 

9 

3.67 

3 

3.68 

2 

3.60 

7 

3.61 

5 

3.42 

17 

3.48 

7 

3.271 

4 

3.27 

3 

3.241 

12 

3.24 

5 

3.20 

1 

3 . lOG's'oV 

<1 

3.10 

1 

3.01? 

4 

3.02 

5 

2.  J06 

3 

2.81 

2 

2.774 

21 

2.78 

9 

2.717 

1 

2.72 

1 

2.69 

2 

2 . 632 

6 

2.68 

3 

2.C12 

11 

2.62 

5 

2.542 

13 

2.57 

9 

2.522 

2 

2.52 

2 

2.4.35 

2 

2.49 

3 

2.409 

5 

2.41 

4 

2 . 343 

2 

2.35 

4 

2.32 

1 

2.28 

1 

2.224 

/ 

4+ 

2.23 

4 

2.208 

21 

2.21 

9 

2.184 

4 

2.18 

3 

2.151 

n 

2.15 

7 

2.13 

1 

2.123 

3 

2.12 

2 

2.079 

<1 

2.08 

2 

2.  5 

2 

2 . 06 

3 

O 


Ir. tensity  expressed  as  net  peak  hcif.bt  referred  to  net  peak  height 
9.75  A line. 


Not  on  card  ^-414  of  Joint  Cor.3nittee  Powder  Diffraction  File 
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1 »JA 


Table  19  (Continued) 


Laboratory  3 

Laboratory  6 

4. A 

I* 

IT 

2.030 

<1 

2.01 

2 

2.003 

<1 

1.576 

1 

1.98 

2 

1.973 

1 

1.943 

6 

1.95 

4 

1.93 

1 

1.91 

2 

1.901 

<1 

1.90 

1 

1.872 

<1 

1.87 

1 

1.86 

4 

1.852 

5 

1.85 

2 

1.843 

5 

1.83 

2 

1.825 

3 

1.81 

2 

1.809 

1 

1.80 

2 

1.802 

1 

1.788 

<1 

1.79 

3 

1.78 

1 

1.765 

2 

1.76 

3 

1.742 

<1 

1.75 

1 

1.72 

2 

1.71 

4 

1,691 

<1 

1.68 

4 

1,661 

2 

1.66 

5 

1.634 

1 

1.62 

4 

1.61 

1 

1.60 

2 

1.5-9 

2 

1.58 

2 

1.575 

4 

1.57 

1 

1.558 

<1 

1.540 

<1 

1.54 

1 

1.53 

1 

1.52 

1 

1.51 

3 

1.503 

<1 

1.495 

1 

1.491 

<1 

1.49 

1 

* In ten 

sity  expressed  as  net  peak  height 

referred  to  net  peak  height 

‘.’.75  A line. 
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ri  '.ur-  I.  Partial  diffractometer  charts  of  pastes  of  O.65  v;/c,  cement  No.  1. 
Bf.-an  sl’.t  1°,  3°  b^^am  ;;li  t as  Soller,  0,2°  detector  slit,  scanning  speed 
0.2°  f)'  '•  minute,  linear  rate  meter  operation  with  full-scale  deflection 
1000  I'ounto  ner  second,  time  constant  8 sec;  MS  = C^ASH^2*  ^ 

HO  = hf'irogarnet  ^ 


20 


le  14  12 

DEGREES  TWO-THETA 


10 


8 


16 


F'. .'■.■'XT' '■  2.  Prii  ticil  'iiffractomett’r  charts  of  pastes  of  0.65  w/c,  cement  No.  2, 
K-  in  fig.  I.  The  hydrogarnet  line  at  17.5  two-theta  is  shown  but  evidence 
o ' its  pr<.'soncj_:  is  su^-^gt  sted  only  at  7 days.  The  broad  indefinite  bulge 

l IC(=Cj^ACH^^)  In  charts  of  7 throru'.h  90  day  pasv,f  .i  covers  a ran(;e  of 
•p;'  'inrs  and  alternate  identifications  could  be  made. 

Si 


CH 


- 36  34  32  30  28  26 

DEGREES  TWO-THETA 

-‘iguiM  4.  Partial  diffractometer  charts  of  365"day  pastes,  cement  No.  1. 
Conditions  as  in  figs.  1 through  3 except  logarithmic  rate  meter  operation 
•with  time  constants  30,  1.^,  and  2 sec  in  the  first,  second,  and  third 
iccad'  .';  e.f  the  scale.  Residual  silicates  present  in  0.35  w/c  paste. 


ss 


FiRur-e  6.  Charts  o.;’  ;-j65-clay  pastes  of  cement  No.  3.  Strong 
residual  alirniinof'^rrite  solid  solutions  and  somt  silicates, 
opadin/'  at  2.91^^  un id' ’nt i I’icd . 


S7 


28 


51  50  49  36  34  32  30 

DEGREES  TWO-THETA 

f:  7-  Charts  of  O.65  w/c  365-day  pastes  of  all  three  cements,  with 

. ,',-y^'\r-hyciratod  alite  as  comparison.  The  alite  spacing  between  29°  and 
■0^’  appc'ars  longer  than  those  of  the  cements.  C-S-H  = C-S-H  gel;  i 

~ .uJIcatcs  (alite  and  belite). 


